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Climate change and ocean acidification are anticipated to alter marine ecosystems,
with consequences for the provision of marine resources and ecosystem services to
human societies. However, considerable uncertainties about future ecological changes
and ensuing socio-economic impacts impede the identification of societal adaptation
strategies. In a case study from the Barents Sea and Northern Norwegian Sea region,
we integrated stakeholder perceptions of ecological changes and their significance for
societies with the current state of scientific knowledge, to investigate the marine-human
system under climate change and identify societal adaptation options. Stakeholders were
engaged through personal interviews, two local workshops, and a web based survey,
identifying the most relevant ecosystem services potentially impacted and developing an
integrated system dynamics model which links climate change scenarios to the response
of relevant species. Stakeholder perceptions of temperature-dependent multiannual
fluctuations of fish stocks, interactions among fish, marine mammal, and seabird
populations, and ecological processes such as primary production are represented
in the model. The model was used for a discourse-based stakeholder evaluation
of potential ecosystem changes under ocean warming and acidification scenarios,
identifying shifts in ecosystem service provision and discussing associated societal
adaptation options. The results pointed to differences in adaptive capacity among
user groups. Small-scale fishers and tourism businesses are potentially more affected
by changing spatial distribution and local declines in marine species than industrial
fisheries. Changes in biodiversity, especially extinctions of polar species, and ecosystem
functioning were a concern from an environmental conservation viewpoint. When
considering potential additional impacts of ocean acidification, changes observed in
the model projections were more uniformly valued as negative, and associated with
an increased potential for conflicts among user groups. The stakeholder-informed
ecosystem modeling approach has succeeded in driving a discussion and interchange
among stakeholder groups and with scientists, integrating knowledge about climate
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change impacts in the social-ecological system and identifying important factors that
shape societal responses. The approach can thus serve to improve governance of marine
systems by incorporating knowledge about system dynamics and about societal uses
and values.
Keywords: participatory modeling, marine ecosystem services, marine systems, climate change adaptation,
ocean acidification, Barents Sea
INTRODUCTION
Under global climate change, the oceans are undergoing
profound changes. Ocean warming, acidification (decreasing
pH values), deoxygenation (insufficient oxygen levels), and
other physical and chemical changes are anticipated to affect
marine species, drive changes in marine ecosystem structure and
dynamics, and impact the productivity of marine ecosystems and
the provision of ecosystem services to human societies (Pörtner
et al., 2014; Gattuso et al., 2015). Ocean warming is already
observed to lead to poleward shifts in the spatial distribution
of marine organisms, facilitating species invasions into regional
ecosystems, and causing local or regional extinctions by
exceeding the thermal tolerance limits of organisms (Poloczanska
et al., 2013). Ocean acidification, the decrease in water pH via
increasing solution of atmospheric CO2, is anticipated to impact
different organism groups in marine ecosystems (Kroeker et al.,
2013). Increased mortality and structural damages observed in
laboratory experiments with early life stages of fish under future
ocean pH values cause concern about the future of fish stocks
(Munday et al., 2010; Denman et al., 2011).
Nevertheless, considerable uncertainty compounds the
analysis of ecosystem-level effects of multiple climate change
drivers, and their interactions with anthropogenic impacts
and human uses (Gattuso et al., 2015; Riebesell and Gattuso,
2015). Ecological models are increasingly playing an important
role in an integrated assessment of these effects in marine
social-ecological systems (Perry et al., 2010; Osterblom et al.,
2013). A wide range of human uses and activities will be affected
by climate change impacts on marine systems (Allison and
Bassett, 2015). Economic and nutritional dependence on marine
resources, and vulnerability toward change differs strongly
among countries (Allison et al., 2009). While societies have a
range of options to adapt to changes in marine living resources,
e.g., increase of exploitation efforts or economic diversification,
these depend on economic, social and cultural conditions
(Perry et al., 2011; Haynie and Pfeiffer, 2012). The ecosystem
services concept (Millenium Ecosystem Assessment, 2005) can
serve as a framework for assessing changes in societal benefits
provided by marine ecosystems, like food provision from
fisheries and aquaculture, carbon uptake and climate regulation,
bioremediation, and nutrient cycling, or recreation and cultural
services (Beaumont et al., 2007). To improve the scientific basis
for quantifying changes in the provision of these services and
important trade-offs among services, assessment methodologies
must be equipped to capture the multidimensional nature of the
value of ecosystems, to enable better informed individual and
institutional decisions and improve governance mechanisms
(Daily et al., 2009; Kittinger et al., 2014). Since ecosystem
services are ultimately defined by society and governance
decisions should be more effective when supported by affected
societal groups, there is strong rationale for stakeholder
participation as an integral part of ecosystem assessment
processes.
We present a regional case study on climate change impacts
on ecosystem service provision in the Barents Sea and Northern
Norwegian Sea area. In Norway, the oceans play an important
economic and cultural role. The fisheries sector with a production
of 2.3 million tons of fish and 12.800 employees in 2011
makes the country the world’s second-largest seafood exporter
after China (FAO, 2013), divided between industrial off-shore
fishing, aquaculture mostly of Atlantic salmon, and small-scale
coastal fisheries. Main capture fish species are Atlantic cod
(Gadus morhua), Atlantic herring (Clupea harengus), capelin
(Mallotus villosus), Atlantic mackerel (Scomber scombrus), saithe
(Pollachius virens), and other whitefish. Norway’s national
fisheries management is generally seen as well-regulated, science-
driven, internationally cooperative and sustainable (FAO, 2013,
2014). Fishers participate in management via national and
regional fisheries associations and provide catch information
(Johnsen, 2013; Jentoft andMikalsen, 2014). In recent years, good
management and favorable environmental conditions under
ocean warming have facilitated large fish stock sizes such as
of Barents Sea cod (Eide et al., 2013; Kjesbu et al., 2014).
Nevertheless, future climate change represents a considerable
challenge for Norwegian fisheries management (Harsem and
Hoel, 2012), and recent integrated, ecosystem-based coastal zone
management plans recognize important knowledge gaps with
regard to the impacts of climate change and ocean acidification
(Hoel and Olsen, 2012).
The Barents Sea is projected to experience rapid ocean
warming in the next decades, which together with a reduced
extent of Arctic sea ice is already leading to pronounced changes
in ecological community composition, spatial distribution and
biomass of fish stocks, and thus, fisheries provision (Hollowed
and Sundby, 2014; Fossheim et al., 2015; Kortsch et al., 2015). At
the same time, Arctic and subarctic areas will be affected by the
strongest pH changes expected worldwide until the end of the
century, with Arctic waters becoming corrosive to some shell-
producing organisms. Thus, changes in food web structure and
also direct impacts on fish stocks are expected, but still subject
to high scientific uncertainty (AMAP, 2013). The comparatively
simple food web in the Barents Sea is expected to be more
vulnerable to impacts on certain keystone or bottleneck species
than ecosystems with higher species diversity (Wassmann et al.,
2006; Duarte et al., 2012).
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We constructed an ecological model of the expected impacts
of ocean warming and acidification onmarine ecosystem services
in the Barents sea region, based on input from potentially affected
stakeholder groups (Costanza and Ruth, 1998; Voinov and
Bousquet, 2010). We incorporated stakeholder input regarding
which ecosystem elements and processes to include in the model,
and used stakeholder perceptions to assess which human uses and
societal groupsmay be impacted by environmental changes in the
region. Thus, stakeholders served as representatives of society,
to integrate local knowledge and concerns, identify relevant
ecosystem elements and services, evaluate projected changes
under scientific uncertainties, and identify societal adaptation
options (Walker et al., 2002). This integrated social-ecological
systems approach is applied with the aim of increasing resilience
of marine-human systems and improving adaptive capacity
(Hughes et al., 2005), to discover governance options for a more
sustainable use of marine resources under climate change.
MATERIALS AND METHODS
Stakeholder Consultation
For an initial compilation of potential ecosystem changes under
climate change in the focus area, the scientific literature was
screened for an overview of the problem (reviews on regional
ecosystems and on climate change and ocean acidification
impacts, reports of expert groups, news, and outreach products
produced by regional scientific institutes). To compare these
findings to relevant topics of concern for the users, internet-
based news portals aimed at regional stakeholders, archives
of newspapers of general interest and for user groups (e.g.,
fisheries magazines) were screened for recent prominent
topics. Ten interviews with regional scientific experts with a
background in marine ecology, governance of marine resources
and areas, oceanography, ecosystem modeling, fisheries science,
and other disciplines, further helped to identify potentially
affected ecosystem services and stakeholders. Interviews with
25 stakeholders of potentially affected groups from Norway
and Russia were conducted in different locations in Norway
(Oslo, Bergen, Tromsø, Bodø, Lofoten Islands, Finnmark,
Svalbard) or via email between March and September 2013.
Stakeholders included representatives from fishing associations
and aquaculture companies, individual small-scale fishers,
tourism operators (hotels/camps, sport fishing, whale watching),
non-governmental organizations (including environmental
conservation and indigenous Sami groups), and governmental
agencies (Fisheries and Environmental Directorates). The
personal interviews aimed at identifying (1) the general socio-
economic situation of participants, (2) perceptions and concerns
about regional ecosystem impacts of climate change, (3) the
communication between science, politics and stakeholders
about expected impacts, (4) societal impacts and adaptation
options to climate change, and (5) management options and
political adaptation strategies (Supplemental File S1: Interview
questionnaire). Participants were also asked for their personal
opinion on further potentially affected societal groups, to open
up the investigation to ecosystem services and user groups not
initially identified.
The most frequently mentioned ocean uses, climate-
related concerns, and ecosystem interactions from stakeholder
interviews which could be linked to elements of the marine
ecosystem, were compiled to form the basis of the model
(Table 1). A model-building workshop with stakeholders was
held in Bergen, Southern Norway in October 2013, where
stakeholders were introduced to the topics of the research
project and the current state of scientific knowledge about
climate change impacts on marine ecosystems. A draft of
the model structure based on the identification of relevant
ecosystem services and elements from the interviews was
presented. Stakeholder comments on the model structure and
requests for further elements and services to be included were
collected to inform further model development (Koenigstein and
Goessling-Reisemann, 2014).
Integrative System Dynamics Model
A system dynamics model (Costanza and Ruth, 1998) was
developed in the modeling software STELLA 9.1, and later
converted to STELLA Professional 1.0 (www.iseesystems.com).
Its structure was based on the most relevant ecological elements
and processes that can be linked and quantified using empirical
biological results. Graphical icons for species and ecosystem
services were designed and integrated into the model interface to
make the model structure more easily accessible to stakeholders.
The model was based on a multi-species population structure,
with biological processes governing population dynamics of the
integrated species, and interactions among species represented by
predation and consumption (Figure 1).
The model structure incorporates the marine species of high
importance to the various stakeholder groups, and the most
commonly mentioned biological processes. Some ecologically
similar species were aggregated to groups (“other baleen whales,”
seals, “other seabirds”) to limit model complexity, and/or
combined in modules (tooth whales, baleen whales, seabirds) in
the model interface. Aggregate representations of lower trophic
levels (one phytoplankton and three zooplankton groups) were
used to base the biomass flow through the food web on a
primary production process, integrating stakeholder concerns
about primary production and the ecosystem services of carbon
uptake and export (Figure 1A). Due to the importance of fish
stock recruitment in stakeholder concerns, fish populations were
divided into two to four life stages and embedded in a self-
enhancing feedback of reproduction and recruitment processes.
Ocean warming and acidification were incorporated as
changes in fish and zooplankton consumption and growth, based
on physiological thermal growth windows (Pörtner and Farrell,
2008) and assuming an increasing loss of metabolic energy
under acidification reaching up to 10% of the total energy
uptake (Figure 1C). Driver scenarios for temperature and pH
were incorporated based on IPCC (Intergovernmental Panel on
Climate Change) ensemble earth system model projections for
the Barents Sea under the RCP (Representative Concentration
Pathway) 8.5 (“business-as-usual”) emission scenario (AMAP,
2013; Bopp et al., 2013; Collins et al., 2013). Temperature was
additionally adjusted to undergo seasonal fluctuation and an
inter-annual oscillation with a period of 8 years (Figure 1B),
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TABLE 1 | Stakeholder concerns and observations with regard to climate change impacts on marine ecosystems, from personal interviews with
stakeholders from the fisheries sector (F), tour providers and other tourism businesses (T), and environmental and other non-governmental
organizations (E), ranked by sum over sectors (seven participants for each sector, one additional aquaculture representative for the fisheries sector).
Species of interest and/or concern General ecosystem observations
F T E Σ F T E Σ
Atlantic cod 7 5 5 17 Feeding interactions/competition 8 3 3 14
Mackerel 6 5 5 16 Fish larvae/spawning/stock recruitment 5 5 2 12
Kelp/Seaweeds 2 1 4 7 Natural fluctuations in abundance 5 2 2 9
Herring 6 1 7 Primary production 4 1 5
King crab 2 3 5 Phenology/migration patterns 2 1 2 5
Capelin 3 1 4 Local fish declines in fjords 3 3
Atlantic Halibut 1 2 1 4 Regime shifts 2 2
Haddock 2 2 4 Fish size 1 1 2
Shellfish (mussels, scallops, etc.) 2 1 1 4 Fish more distant to coast 1 1
Zooplankton 2 1 3 Observations and concerns linked to climate change
Sea urchins 1 2 3 Fish stock abundance or productivity changes 6 4 4 14
Blue whiting 3 3 Distribution range shifts 7 2 4 13
Lobster 0 1 1 2 Ocean warming 6 2 3 11
Shrimps 2 2 Immigrating species 4 3 3 10
Atlantic salmon 2 2 Ice melting/ice coverage 4 1 3 8
Seabass 1 1 2 Sea level rise/wave height 4 3 7
Saithe 1 1 2 Ocean acidification 3 2 5
(Cold water) corals 1 1 2 Oceanic currents 2 1 3
Dolphins and pilot whales 2 2 Threatened Arctic species 1 2 3
Minke whales 1 1 2 International disputes 3 3
Orcas 2 2 Habitat reduction 1 1 2
Redfish 1 1 2 Snow melt 2 2
Seabirds 1 1 2 Increased precipitation and nutrient influx 2 2
Seals 1 1 2 Harmful algae blooms 2 2
Sperm whales 1 1 2 Extreme weather events 1 1 2
Milder winters 1 1
Total: marine mammals 1 7 2 10 Fish migrations to deeper waters 1 1
Total: fish 30 14 20 64 Anoxia in fjord depths 1 1
Total: benthic organisms 12 4 12 28
Number of instances mentioned across interviews for species of interest or concern (only species mentioned more than once), general ecosystem observations, and observations or
concerns explicitly linked to climate change impacts (detailed interview questions given in Supplemental File S1).
mimicking the natural fluctuations linked to the North Atlantic
Oscillation (Ottersen et al., 2001) asmentioned in the stakeholder
interviews. Marine mammal and seabird populations were
modeled without direct effects of warming or acidification,
as empirically observed changes are mostly indirectly caused
through food web changes (Sandvik et al., 2005; Simmonds and
Isaac, 2007). Fishing was incorporated as an additional biomass
extraction process for fish and minke whales (Balaenoptera
acutorostrata), defined as fixed relationships between stock
sizes and landings in the following year, based on past quota
agreements. Details of model parameterization, calibration and
validation will be described in a separate publication, as we
focus on the incorporation of stakeholder perceptions into the
model and their assessment of the results here. The graphical
interface of the model included dynamic displays of the states of
the relevant biomass compartments and other indicators in the
model over time, grouped in combined graphs aimed at each of
the three stakeholder groups in the model valuation workshop
(Figure 1D).
Model Evaluation and Identification of
Adaptation Options
A web-based online survey was prepared to evaluate the relative
importance of socio-economic framing factors identified in the
interviews, created in a Norwegian and an English version
using the platform Limesurvey by the provider Limeservice
(www.limeservice.com). This served to prepare input for the
discussions in the second workshop and helped the creation of
framing scenarios at a later time. Factors already included in the
model (e.g., ocean temperature or marine organism abundances)
were not surveyed.
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FIGURE 1 | Structure, drivers, and exemplified projections of the developed system dynamics model. (A) Top-level interface of the model, with modules of
the most relevant species interacting in the marine food web, and links to provided ecosystem services (gray shaded top row). Thin black arrows mark predation on
other species in the food web, wide colored arrows mark connections to the ecosystem services fisheries (pink), tourism (green), and carbon uptake and export by
primary production and plankton mortality (blue). Icon design for organism and ecosystem services by Leonard Rokita, Bremen. (B) Temperature and pH over model
time frame as drivers of the model, affecting biological processes. (C) detailed structure of the species included in the model in system dynamics notation, based on
biomass flows (thick arrows) which determine the state of each fish stock and the dynamic links to other stocks in the model (boxes), and are influenced by the
environmental drivers temperature and pH, and by fish catches (circles, thin arrows). (D) examples for resulting model projections under “warming only” and “warming
and acidification” scenarios (different biomass scales), which qualitatively reproduce natural fluctuations and were evaluated by stakeholders at two time points, the
model years 2040 and 2075 (red dotted lines).
A second stakeholder workshop for model valuation was held
in Tromsø, Northern Norway in June 2015 with representative
stakeholders from fisheries, tourism and environmental
conservation. Structure and functioning of the parameterized
model was explained, model assumptions and scientific
uncertainties discussed, and model runs performed under two
scenarios, driven by ocean warming alone, and warming and
acidification combined, respectively. At two time points in the
simulation—the year 2040 and at the end of the simulation
in the year 2075—model runs were stopped and stakeholders
asked to discuss the developments in stock levels and ecosystem
indicators in groups by sector. Stakeholders agreed on a rating
in terms of the significance for their business and interests on
a scale of +5 to −5, where: +5 refers to a high preference, i.e.,
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the best imaginable event for participants’ business or interests;
0 is neutral, and −5 is catastrophic for economic survival or the
stakeholders’ main interests.
Then, stakeholders were asked to decide whether they needed
to change their business, take organizational decisions or other
steps to adapt to the projected ecosystem changes. Groups
discussed and proposed possible adaptation options for their
sector. Finally, general societal adaptation options were discussed
among all stakeholders, and common policy recommendations
developed among the participants of the different sectors. During
this process, stakeholders had access to all model variables
and indicators (dynamics of species abundance and processes,
biodiversity and ecosystem indicators, etc.), which together
reflect the complexity of the underlying ecosystem.
RESULTS
Stakeholder Perceptions and Concerns
Marine species most often mentioned by stakeholders with
regard to ecosystem changes in the interview series were the
fish species Atlantic cod, mackerel and herring, as well as kelp
and seaweeds, king crabs, and followed by other fish species
(Table 1). Stakeholders exhibited a high level of ecological
knowledge in their observations and concerns about marine
organisms. The most prominent environmental changes linked
to climate change were distribution range shifts of fish and other
marine species, changes in fish abundance or productivity of
fish stocks, an increased occurrence of newly immigrated species
such as mackerel, and the factor which was attributed as the
main cause of these changes, ocean warming. When describing
their observations and/or concerns, stakeholders frequently
mentioned ecological processes, mainly feeding interactions,
e.g., among herring, cod and capelin, fish stock spawning and
recruitment, and inter-annual environment-related fluctuations
and variability of fish stocks. Ocean acidification as a relatively
newly discovered additional factor was known to fewer
stakeholders, but was incorporated as a model driver as it
was a central topic of the project, and because it could be
linked to warming effects via physiological mechanisms. Upon
presentation of scientific results from laboratory experiments on
ocean warming and acidification at the workshops, acidification
was perceived as an additional concern, but uncertainty with
regard to effects in the ecosystem was recognized.
A compilation of stakeholder statements and backgrounds on
the topics in the interviews and the first workshop was published
in an open-access report (Koenigstein and Goessling-Reisemann,
2014). Based on these interview results and discussions at
the model-building workshop, the ecosystem elements and
services of highest relevance to stakeholders, and which were
suitable for integration in a foodweb-based model consistent
with ecological knowledge, were selected to represent ecosystem
service provision in the model. These were the commercially
harvested fish stocks Atlantic cod, herring, capelin and halibut,
as well as minke whales for food provision via fisheries.
Mackerel, which was regularly mentioned in interviews as a
newly immigrated fish species in Northern Norway, was not
integrated because data on feeding interactions is not yet
available. For tourism and recreation services, baleen whales
(Humpback whales, Megaptera novaeangliae, and fin whales,
Balaenoptera physalus), sperm whales (Physeter macrocephalus),
killer whales (Orcinus orca), Atlantic puffin (Fratercula arctica),
and other seabirds, as well as Greenland halibut (Reinhardtius
hippoglossoides) and Atlantic cod stocks relevant for sports
fishing were integrated. To represent a potentially threatened
Arctic species dependent on sea ice, and because experimental
data on warming and acidification impacts was available, Polar
cod (Boreogadus saida) was also included. Lower trophic levels
(phyto- and zooplankton) integrated primary production and
food availability for fish. These elements thus represent the
ecosystem services of food provision to industrial and small-
scale fisheries, tourism and recreation as income-generating
and cultural services (sports fishing, tours for whale, sea lion,
and seabird watching, and other nature-related activities), and
regulating and supporting services by carbon uptake via primary
production and carbon export via sequestration. Species diversity
(Shannon index) was incorporated as an indicator of ecosystem
state on demand of stakeholders from the environmental sector
in the model valuation workshop.
In the interviews, the most prominent socio-economic
concern unrelated to climate change was pollution by oil
drilling, mining sewage, dumping, or other sources, followed
by fish market prices and labor availability. In the web-based
survey conducted to gain additional insights on socio-economic
factors and to prepare the valuation workshop, participants
(12 completely answered surveys) rated sustainability-oriented
management of resources, oceanographic changes, fish price,
global economic growth and fishing quota as the most important
external factors for their business or interest, with differences in
importance among sectors (Figure 2).
Stakeholder Valuation of Model Projections
Stakeholder valuations of model projections in the second
workshop differed markedly among stakeholder groups
(Supplemental File S2: stakeholder valuations). Stakeholders
noted that their valuations of the model projections depend on
the trend displayed up to the stop in simulation time, i.e., the
same stock level was rated more negatively when stock levels
had been descending to this level as opposed to when they had
ascended. The full development was only revealed after the
simulation restarted to complete the run, reflecting uncertainty
about the future in decision making in real life.
Projected changes in the warming-only scenario included
increases in most fish stocks, orcas and “other seabirds,” and
decreases in sperm whales, seals, krill, and carbon export
associated with zooplankton mortality. This scenario was rated
as positive for fisheries, but as negative by tourism stakeholders
due to decreased sperm whale levels, and caused concern for
environmental conservation due to declines in species diversity
and the collapse of Polar cod (Table 2). In the “warming and
acidification” scenario, most species showed declines due to
the energetic loss under ocean acidification incorporated in
the model. Stakeholders from the fisheries sector viewed the
projections for 2040 as “economically painful,” given locally
strong socio-economic impacts for fishers, and possible conflicts
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FIGURE 2 | Importance of selected economic, political and regulatory, and environmental framing factors for the business or interest of regional
stakeholders (percentage of stakeholders denoting factors as “important”) from a web-based survey, N = 12. Colors indicate self-designated sectors of
participants: fisheries (blue, five participating stakeholders), environmental conservation (black, four persons) and tourism (green, three persons).
between large vessels and small-scale fishers. Further decreased
stocks and the collapse of the Atlantic cod stock toward the end
of the simulation in the year 2075 were perceived as leading
to strong socio-economic impacts and a challenge for fisheries
policies. At the model valuation workshop, present stakeholders
from the fisheries sector noted that haddock, saithe, and the
increasingly immigrating mackerel were also important species
for regional fisheries (or expected to become important in the
future), and should be added to the model.
Adaptation Options
Continued adjustment of fishing quota and intensified regulation
of stock management were proposed as an adaptation option
to climate change effects for fisheries in the interviews and the
valuation workshop. Stricter quotas in times of declining stocks,
potentially aided by a diversification of quotas and the regulation
of by-catches may support a recovery of stocks. Larger vessels
can also respond by moving further out to open waters, following
moving fish stocks. In the valuation workshop, switching fisheries
to other species (e.g., crab, mackerel, mollusks) was viewed
as an additional option for reducing economic losses. Also,
in the opinion of the stakeholders, increased fines for illegal
fishing and catch limitations for tourist fishing may become
necessary. Increased research on and investment in aquaculture
as an alternative for food provision was discussed as a further
adaptation option with explicit mention of sustainable andmulti-
species aquaculture, including species such as seaweeds and sea
urchins, depending on market demand and cultural acceptance,
and research into zoo- and phyto-plankton as a food source.
The tourism sector would also suffer from local collapses
of small-scale fisheries, and generally decreased fish stock
levels. One of the suggested adaptation options was to change
marketing, focusing less on marine animals and more on cultural
heritage and landscapes, and possibly on winter business to make
use of the modest declines projected for orcas, and strengthen
networking with small-scale fishers. The potential impacts of
aquaculture on tourism and the possible use of aquaculture
facilities as a tourist option could be explored. Stakeholders from
environmental conservation called for an extension of marine
protected areas, e.g., for nursery grounds of polar cod and whales,
to mitigate ecological impacts of warming and acidification, and
a stricter regulation of additional anthropogenic stressors, e.g.,
pollution by the deposition of mining wastes in fjords.
Commonly agreed policy recommendations of the
participants of the second workshop for the projected warming
and acidification scenarios were to explore the potential of
increased seaweed farming and other alternative aquaculture
food. For this, creating training and education, and conserving
local economies by appropriate government strategies and
incentives would be necessary. Abandoning the consumption
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TABLE 2 | Stakeholder concerns about socio-economic impacts on their business or interest, and societal and personal adaptation options to climate
change impacts, from personal interviews with stakeholder from the fisheries sector (F), tour providers and other tourism businesses (T), and
environmental and other non-governmental organizations (E), ranked by sum over sectors (Σ), seven participants for each sector (one additional
aquaculture representative for F).
F T E Σ
SOCIO-ECONOMIC CONCERNS AND OTHER IMPACTS ON BUSINESS
Oil drilling pollution 5 1 1 7
Garbage dumping and other/unspecified pollution 3 2 1 6
Fish market prices 5 5
Mining discharges pollution 1 3 4
Labor market 3 1 4
Ecological impacts of aquaculture 1 2 3
Increasing aquaculture activity 1 1 2
Bad weather 2 2
Unfair distribution of fishing rights 2 2
Heavy metals/seafood health effects 1 1 2
General economic situation 1 1
Seismic exploration 1 1
CO2 storage 1 1
ADAPTATION OPTIONS TO CLIMATE CHANGE IMPACTS
Quota adjustments 6 4 1 11
Increase vessel search area 4 2 6
Protected areas/local management 1 1 2 4
New technologies 2 1 3
Reduce or compensate CO2 emissions 2 1 3
Change target species 2 2
Move business to other location 1 1
Change profession 1 1
Number of instances mentioned across interviews (detailed interview questions given in Supplemental File S1).
of seagull eggs, seals and whales may be advisable, and would
necessitate some cultural changes. Under the projected strong
stock declines, renegotiations of fishing rights and quotas may
become necessary. This would call for the respective political will
and actions for conflict resolution among fisheries in Norway.
DISCUSSION
Integration of Stakeholder Perceptions
about Climate Change and Ocean
Acidification Impacts
All interviewed stakeholders reported plausible climate
change effects on marine species, thus their personal accounts
substantiated recent scientific results (Fossheim et al., 2015).
However, many participants also pointed to the great variability
in marine ecosystems in the region, especially fish stocks, which
makes it difficult to distinguish environmental fluctuations
from long-term change, and thus increases uncertainty about
climate-related trends (Johannesen et al., 2012). Because
of the high importance of ecological processes and species
interactions for stakeholders in the initial interview series, the
ecosystem model was based on the foodweb interactions among
pelagic and demersal species in the Barents Sea (Bogstad et al.,
2015), explicitly integrating the biological processes of interest
(Koenigstein et al., 2016). This enabled the incorporation of a
large fraction of the species of interest to the stakeholders into
the model, and also allowed us to incorporate fishing quotas
as the most important adaptation option and anthropogenic
driver initially identified in the interviews. However, this
choice of model structure came at the expense of being unable
to consider spatially explicit distribution shifts and benthic
species such as macroalgae, shellfish, or echinoderms. These
are often restricted to coastal and fjord habitats and undergo
highly localized conditions, e.g., with regard to freshwater
influx or hypoxia. In comparison to mental models or other
probabilistic models often used in participatory modeling, the
deterministic ecosystem model developed here resolves to some
degree the emergent behavior of the ecosystem under different
conditions, and enables the integration of scientific knowledge,
assessing dynamic trade-offs in effects among species and among
biological processes under future climate change conditions (see
subsection “Towards ecological realism...”).
The main non-climate related concern was pollution, caused
by oil and gas exploration, residues from mineral mining along
the coasts, or shipping. For whale watching companies, noise
pollution from shipping and seismic exploration was a prevalent
concern. Due to high scientific uncertainty and highly localized
ecological impacts, these concerns could not be incorporated into
the model. Also, as aquaculture is not directly linked to marine
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foodwebs, and was not often mentioned as a factor or concern
by the stakeholders in the interview phase, the aquaculture
sector was not further considered at this point. Melting of the
Arctic sea ice and sea level rise, although of high relevance
in the interviews, were also not incorporated due to unclear
links to the marine organisms in the model. The scenario-based
incorporation of pollution, sea ice and aquaculture is planned for
a future extension of the model.
Although impacts of marine ecosystem changes on tourism
are far less prominently covered in the scientific literature and
the media, the relevance of shifts in marine food ecosystems
was immediately obvious to most interviewed stakeholders from
the tourism sector. Worldwide, biodiversity loss and reduced
aesthetic value of landscapes are expected to impact tourism
under climate change, among a range of other factors (Simpson
et al., 2008). Tourism in our study region is to a high degree
dependent on certain locally abundant species (sperm whales,
cod, halibut, seals), thus pointing to highly localized climate
change impacts on tourism and recreation, and to the necessity
for a detailed assessment of local conditions. Biodiversity and
cold-water coral reefs were also mentioned as threatened by
climate change, and valuation studies point to a very high
willingness-to-pay of the Norwegian public to conserve cold-
water coral reefs (Aanesen et al., 2015). Stakeholders of all sectors
had agreed in the model-building workshop on conserving
the protected status of coral reef areas (e.g., prohibition of
trawl fisheries) and not including reefs in the model, putatively
reflecting the cultural and existence value of this reefs, but also
low economic importance of these areas for fisheries.
Adaptation Options for Stakeholders to
Projected Ecosystem Changes
Stakeholder valuations and discussions at the valuationworkshop
showed that small-scale fisheries and tourism businesses have
less, or more constrained adaptation options for the ecological
changes projected by the model (cf. Table 3). For instance, small-
scale fishers often cannot follow moving fish stocks far away
from the coast, or have the funds to invest in different gear. The
commercially relevant whale-watching and other tour activities
in the area are heavily dependent on the sighting probability
of certain species (e.g., sperm whales). Adaptation options for
sightings decreasing below a critical level would entail drastic
changes in the character of tourism activities, with probable
reductions in customer numbers and income.
Fishing quota adjustments were seen as the primary
adaptation option by fisheries and tourism stakeholders.
However, small fishing boat owners, often located in more
remote areas and with a partial income from sports fishing
tours, perceived quota adjustment as less likely to be a sufficient
measure for climate change impacts than stakeholders organized
in fisheries associations. In a situation with reductions in several
co-used fish stocks, as projected under the combined warming
and acidification scenario, suggested adaptation options ceased
to be sector-exclusive, and conflicts were expected to increase
among industrial, small-scale, and sports fishing, when catch
efforts would be increasingly concentrated on the remaining
stable species (e.g., halibut). Conflict potential among and
within sectors led to the recognition of the need for increased
cooperation and networking among user groups. Increased
investment in aquaculture was a heavily discussed adaptation
option at the valuation workshop, which is very relevant
worldwide in the context of securing food provision under
overfishing of many fish stocks (FAO, 2014). Yet, there was a
range of concerns from stakeholders with regard to the ecological
impacts of aquaculture (pollution from nutrients and antibiotics,
escaped individuals and parasites, spatial use conflicts). Also, the
viability of this option depends on economic factors and the
continued provision of small pelagic fish by capture fisheries
for fish meal production. Stakeholders agreed on the need for
increased research on ecological impacts and more sustainable
methods of aquaculture production.
Environmental conservation stakeholders adopted a broader
view on ecosystem functioning, asking for inclusion of a
biodiversity indicator during the valuation workshop, and thus
brought a precautionary aspect into the discussion. Declines
in zooplankton and phytoplankton biomass levels were also
negatively rated by stakeholders from the fisheries sector,
reflecting concerns about indirect impacts on fish stocks. The
discussion among different stakeholder groups was also shaped
to some extent by implicit societal values, as e.g., the high cultural
importance of the Atlantic cod fishery in Northern Norway and
the significance of marine species for the coastal indigenous Sámi
were mentioned. In the discussion of societal adaptation options,
a focus on options which were undisputed among the workshop
participants was observed, while options which would have more
potential for conflicts (e.g., total catch bans or area closures for
certain uses) were avoided topics. The group evaluation approach
thus reproduced certain factors and constellations which govern
societal decision-making, e.g., implicit valuing, social agreement,
and power balances among stakeholders.
These results point to considerable differences in adaptation
capacities to climate change impacts among stakeholders in
the Northern Norwegian Sea and Barents Sea region, with less
resilient small-scale fishers and tourism businesses. Potential
food-web mediated impacts e.g., on whales and seabirds or
lower trophic levels would thus lead to governance-relevant
trade-offs among fish provisioning and other ecosystem services.
As model development is ongoing and valuations are based
on a preliminary, not finally validated version of the model,
projections and societal adaptation options at this stage should
be regarded as describing possible paths of system behavior.
As framing and limiting conditions for stakeholder decisions
have been identified during the valuation workshop, stakeholder
decisions will be transferrable to validated projections as these
become available.
Toward Ecological Realism in
Assessments of Climate Change Impacts
on Ecosystem Services
The participating stakeholders’ main ecological concerns and the
most relevant ecosystem services have been integrated into the
developed ecosystemmodel, considering the scientific knowledge
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TABLE 3 | Projected ecological impacts of climate change and ocean acidification for which a need for adaptation measures was recognized among 18
stakeholders during a model valuation workshop.
Stakeholder rating
Impact (2040/2075) Adaptation option Condition/drawback
“WARMING ONLY” SCENARIO
Fisheries Increased fish stock levels (decreases
in capelin 2075)
+4/+3 None (continue good fisheries
management)
–
Tourism Declines in sperm whales and seals,
robust fish stocks, increases in orcas
–2.5/–3 Increase tour/search distance Customer acceptance, increased fuel
consumption
Conservation High biomasses, but decreasing
species diversity and polar species
–3/–4 Protect nursery areas (e.g. of polar
cod and whales)
Political will
Decreases in krill and carbon export –3/–4 – –
“WARMING AND ACIDIFICATION” SCENARIO
Fisheries Fish stock declines/cod stock
collapse, zooplankton declines
–2.5/–4 Stricter catch regulations Social quota redistributions
Switch target species Adaptation of catch gear and vessels
Increased investment in aquaculture Research on ecological impacts and
market acceptance, conflict with
fisheries
Tourism Fish stock declines –2/–3 Strengthen networks/cooperation
with fishers
Resolution of conflicts with fishers
Decreases in mammals and seabirds –3/–5 Change tour focus Customer acceptance for less
ecological attraction
Conservation Decreases in fish, mammals,
zooplankton, and biodiversity
–4/–5 Area closures Use conflicts
Stricter regulation of other stressors Economic impacts
Relevant aspects of impacts, with stakeholder rating on a scale from +5 to –5, adaptation options suggested by stakeholder groups, and conditions or potential drawbacks given for
these adaptation options. Stakeholder rating +5 reflects an extremely beneficial effect on stakeholder group, –5 reflects a catastrophic effect.
on interactions among ecosystem elements and processes, and
helping to build trust in the model. Importantly, this model
structure also enables the assessment of indirect ecological
climate change impacts (e.g., on marine mammals and seabirds
relevant for tourism), thus exploring possible trade-offs among
ecosystem services. The process-based structure of the developed
model thus enables a more realistic representation of biodiversity
(Queirós et al., 2015) and improves the potential for integrating
empirical data into climate change projections (Koenigstein et al.,
2016).
Models used in ecosystem service assessment are usually
highly simplified in order to be easily understandable, and it is
a challenge to communicate scientific uncertainty (Ruckelshaus
et al., 2013). Our stakeholder-informed ecosystem model
development represents an intermediate approach between
participatory modeling of stakeholder perceptions without
a direct empirical basis of ecosystem behavior, and the
use of models e.g., in fisheries management, where a pre-
developed model is often brought to the stakeholders and
explained by scientists. The model developed and used here
reproduces the inter-annual variability in ecosystem dynamics
and interdependent fluctuations in fish populations observed by
the stakeholders, which are governed by climatic fluctuations
linked to the North Atlantic Oscillation (Ottersen et al., 2001;
Dalpadado et al., 2012). The reflection of their perceptions in
the model enabled the participants to “play” with it during the
workshop, exploring effects that were in some cases not expected
by the model developers, and finding their own explanations for
model behavior. Importantly, it was understood and accepted
that the model is not a scientifically proven prediction of the
future, but has a range of internal uncertainties e.g., in parameter
ranges and structural reliability, and depends on uncertain
external parameters with regard to climatic and economic
factors. The observed influence of the displayed trend in model
projections on stakeholder valuations indicates that stakeholders
implicitly extrapolate model trends (and fluctuations) into
the future, incorporating the perceived uncertainty into their
decision.
A focus on ecosystem services during model development
helped to limit model complexity to ecosystem elements that
can be linked to societal uses. The ecosystem service concept
promises to improve the participation of stakeholders in the
management and conservation of marine areas and resources
(Kittinger et al., 2014; Leenhardt et al., 2015). However,
ecosystem services have been criticized as being too simplistic
and too much focused on monetization (Norgaard, 2010;
Silvertown, 2015), and cultural services are often not considered
in ecosystem service assessments (Chan et al., 2012). We
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addressed these issues through the use of a process-based
ecosystem model, taking into account ecological complexity
and variability, and dynamic trade-offs among ecosystem
services. Cultural and ethical values were implicitly considered
in the discourse-based valuation, which should improve the
perceived legitimacy of the derived recommendations (Wilson
and Howarth, 2002).
Altogether, our approach to combine stakeholder consultation
and ecosystem modeling has been successful in conveying
scientific backgrounds and associated uncertainties of climate
change processes to stakeholders, motivating stakeholders to
participate in the evaluation of impacts and the identification of
societally acceptable adaptation options. In a next step, insights
on environmental and socio-economic framing factors gained
in this study will be integrated into consistent scenarios, and
stakeholders will again be involved in finding adaptation options
under these scenarios using an extended and validated version
of the model. This forms a methodological basis for developing
adaptation strategies under scientific uncertainties, that are
informed both by knowledge about ecosystem dynamics and by
societal uses and values. Characterization of societal responses in
connection with the identified properties of the social-ecological
system (e.g., species composition, ecological dynamics, human
uses and user groups) can yield insights for research in situations
with lower data availability and lower level of knowledge of
stakeholders, where a comparably high model detail may not be
possible.
CONCLUSIONS
Our integrative ecosystemmodel was designed to consolidate the
dynamic simulation of climate change impacts with stakeholder
perceptions and concerns. By reflecting the complexity of the
biological processes underlying ecosystem dynamics, individual
scientific results of ocean warming and acidification research can
be integrated and communicated, interactions and uncertainties
discussed with affected stakeholders, and trust gained in long-
term projections under climate change. Stakeholder-informed
ecosystem modeling and discourse-based evaluation are thus
useful tools for ecosystem service assessments with multiple user
groups, investigating trade-offs and balancing interests under
multiple system drivers. Integrative models of intermediate
complexity, like the one developed in this work, have the
potential to improve understanding of regional social-ecological
systems, and help to identify options for adaptive governance of
marine systems under climate change and human use.
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